
To provide some explanation to Williams’ paradox

[1], advocates of the concept of aging as the result of

accumulation of random errors are forced to ascribe it to

some defect of biological evolution that allowed such a

drawback. Unfortunately, this postulate cannot be veri-

fied. However, before accusing evolution in imperfection,
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Abstract—This review summarizes the latest data on biochemistry and physiology of living organisms. These data suggest that

aging, i.e. coordinated age-dependent weakening of many vital functions leading to gradual increase in the probability of dying, is not

common to all organisms. Some species have been described whose probability of death does not depend on age or even decreas-

es with age, this being accompanied by constant or increasing fertility. In the case of the naked mole rat (a non-aging mammal),

a mechanism has been identified that protects this animal from cancer and the most common age-related diseases. The high

molecular weight polysaccharide hyaluronan, a linear polymer composed of multiple repeated disaccharide of glucuronic acid

and glucosamine, plays the key role in this mechanism. Hyaluronan is accumulated in the intercellular spaces in the organs and

tissues of the naked mole rat. This polysaccharide provides early contact inhibition of cell division (anti-cancer effect). In addi-

tion, hyaluronan prevents the development of certain types of apoptosis, in particular, those induced by reactive oxygen species

(ROS) (geroprotective effect preventing ROS-induced decrease in cellularity in the organs and tissues of aging organisms).

Extraordinary longevity of the naked mole rat (over 30 years, which is long for a rodent the size of a mouse) is connected to its

eusocial lifestyle, when only the “queen” and its few “husbands” breed, while the huge army of non-breeding “subordinates”

provide the “royal family” with protection from predators, food, and construction and maintenance of an underground labyrinth

size of a football field. This way of life removes the pressure of natural selection from the “family” and makes aging – the pro-

gram that is counterproductive for the individual but increases “evolvability” of its offspring – unnecessary. The example of the

naked mole rat demonstrates the optional character of the aging program for the organism. Many facts indicating that aging can

be regulated by an organism provide another argument in favor of optionality of aging. Cases have been described when aging as

a program useful for the evolution of offspring but counterproductive for the parental individual slows under conditions that

threaten the very existence of the individual. These conditions include food restriction (the threat of death from starvation),

heavy muscular work, decrease or increase in the environmental temperature, small amounts of poisons (including ROS; here

we speak about the paradoxical geroprotective effect of the low doses of prooxidants that inhibit apoptosis). On the other hand,

aging can be inhibited (and maybe even cancelled) artificially. This can be done by turning off the genes encoding the proteins

participating in the aging program, such as FAT10, p66shc, and some others. In addition, the gene of the antioxidant enzyme

catalase can be addressed into mitochondria, where it will split mitochondrial hydrogen peroxide, the level of which increases

with age. However, today the simplest way to slow down the aging program is the use of mitochondria-targeted low molecular

weight antioxidant compounds of plastoquinonyl decyltriphenylphosphonium-type (SkQ1), which prolong the life of animals,

plants, and fungi and inhibit the development of many age-related diseases and symptoms.
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It seems striking that complex multicellular organisms, having accomplished
an obviously marvelous feat of morphogenesis, should not be able to solve a

much simpler task of maintaining what has been already achieved.

G. Williams
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let us remember the advice of the great Francis Crick: the

biologist should be guided by a simple rule – evolution is

always smarter than he is.

The concept of aging as a special biological program

provides an alternative to the hypothesis of random

errors. According to this concept, aging is a particular

case of the phenomenon of programmed death of an

organism, phenoptosis [2-7]. Aging is assumed to accel-

erate evolution since over the years the organism weak-

ened by aging is subjected to increasing pressure of natu-

ral selection. For example, a fox is hardly a factor of nat-

ural selection for young hares, which run much faster

than the predator. As noted by Aesop, a hare will always

run away from the fox because for the hare it is a matter of

life and death, and for the fox – of a dinner. However,

age-related sarcopenia reduces the hare’s running speed,

so the fox gets a chance to win the race. As sarcopenia is

one of the early signs of aging in mammals, developing

well before senile infertility, foxes could accelerate the

evolution of hares by eliminating the slowest and least

clever individuals [8].

The biological literature contains many examples of

phenoptosis enhancing the organism’s ability to evolve

(their “evolvability”). Along with aging, they include dif-

ferent mechanisms providing, on one hand, increase in

offspring diversity (which is beneficial for the search for

new properties) and, on the other hand, the conservatism

of inheriting of already acquired useful traits (for details,

see [8]). These mechanisms, while being undoubtedly

useful for evolution, are often counterproductive for the

individual, as in the case of aging.

In this review, we will consider some recent studies

indicating that aging is nothing but slow, multistage

phenoptosis.

“NOAH’S ARK” OF PROFESSOR OWEN JONES

O. Jones et al. published an article in Nature on

January 9, 2014 [9] where they compared the age-related

curves of death probability and fertility for 46 different

eukaryotic species: 11 species of mammals, 12 other verte-

brates, 10 invertebrates, and 13 plants. As expected, the

majority of the best-studied species, including humans,

chimpanzees, baboons, lions, fruit flies, and the nematode

Caenorhabditis elegans are characterized by age-related

increase in mortality and decrease in fertility. However, the

study has identified groups of species that are clearly not

subject to this rule. For example, mortality and fertility are

practically independent of age in hydra (Hydra magnipapil-

lata), long-clawed hermit crab (Pagurus longicarpus), col-

lared flycatcher (Ficedula albicollis), rhododendron

(Rhododendron maximum), red-legged frog (Rana aurora),

and red abalone (Haliotis rufescens). Fertility was shown to

grow against increasing mortality in roe deer (Capreolus

capreolus), Scotch pine (Pinus sylvestris), and the palm

Geonoma orbignyana. Sometimes mortality may increase

while fertility stays the same. The yellow baboon (Papio

cynocephalus), Alpine swift (Apus melba), and body louse

(Pediculus humanus) are examples of this phenomenon.

Reliable cases have been described when mortality

remained constant and fertility increased in the course of

aging. These cases include yellow-bellied marmot

(Marmota flaviventris), tundra vole (Microtus oeconomus),

great tit (Parus major), mountain grass borderia (Borderia

pyrenaica), highlands scrub hypericum (Hypericum

cumulicola), and tubercled saltbush (Atriplex acantho-

carpa). However, the most striking are the cases when

mortality decreases and fertility increases with age (so-

called “negative aging”). This phenomenon was found in

desert tortoise (Gopherus agassizii), Mexican netleaf oak

tree (Quercus rugosa), brown alga Oarweed (Laminaria

digitata), forked viburnum (Viburnum furcatum), and red

coral (Paramuricea clavata).

It is noteworthy that the variability of age-related

dependences is not affected by the position of species on

the evolutionary tree: it can be found in representatives of

various classes of vertebrate and invertebrate animals as

well as plants. Unfortunately, there is no naked mole rat in

the “Jones list”. There are no data on the age-related

dynamics of fertility for the naked mole rat, and the cali-

bration of the ordinate in the single published chart of mor-

tality as the function of age is rather questionable accord-

ing to Jones et al. [9]. However, there is no doubt that this

small rodent lives much longer than mice (over 32 years)

and does not suffer from cancer, cardiovascular diseases,

diabetes, and other pathologies lethal for most mammals.

A clear technical advantage of the naked mole rat com-

pared to ageless species from the “Jones list” is that it is a

small mammal that easily endures life in the vivarium.

Jones et al. have obtained another important result,

the variety of ageless species in terms of the level of com-

plexity of their organisms and maximal lifespan. It seems

especially important that there are examples of ageless

organisms whose fertility increases with age, i.e. they live

not only long, but also a literally fruitful life.

In general, the study by O. Jones et al. is a powerful

new argument in favor of the idea on the optionality of

aging for living organisms. It is perfectly consistent with

the concept of aging as a facultative biological program

used by species to accelerate their evolution under condi-

tions requiring such acceleration.

THE NAKED MOLE RAT:

SOLUTION OF THE SEARING MYSTERY

BY V. GORBUNOVA AND A. SELUANOV

The naked mole rat is a unique mammal (a rodent)

the size of a mouse. Its maximal lifespan is at least eight

times longer than that of mice. There are two important

observations concerning these animals: 1) no cases of can-
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cer have been described among them; 2) there are practi-

cally no senile diseases among the causes of their death. In

2013, V. Gorbunova, A. Seluanov, and their coworkers

from the University of Rochester, USA, discovered the

specific feature of the naked mole rat which could explain

both of the these amazing properties and as a result the

extraordinary longevity of this African animal [10].

They found that in case of the naked mole rat,

hyaluronan, an extracellular unbranched polysaccharide

consisting of dimers of glucuronic acid and N-acetylglu-

cosamine, has several unique characteristics: a) its molecu-

lar weight is five times higher than that of mice, guinea pigs,

or humans; b) it is formed faster by hyaluronan synthase-2

due to a change in the primary structure of this enzyme; c)

it degrades more slowly due to reduced activity of the

enzymes cleaving it; d) it binds stronger to the signaling

hyaluronan receptors on the cell surface; e) the signal trans-

mitted by high molecular weight hyaluronan bound to the

receptor is the opposite from the signal from low molecular

weight hyaluronans. It inhibits mitosis and prevents inflam-

mation, while small hyaluronans stimulate both mitosis and

inflammation. Large hyaluronans are the key component in

the early contact inhibition of cell proliferation, the phe-

nomenon discovered by the same group, which explains the

nature of the naked mole rat’s resistance to cancer [11].

Strikingly, the same compounds were shown to be responsi-

ble for the prevention of also other age-related pathologies,

and hence for the absence of aging in these animals, whose

probability of death does not increase with age.

Simultaneously, another mystery of the naked mole

rat was solved: its cells do not undergo apoptosis when

hydrogen peroxide is added to cell culture. According to V.

Gorbunova (personal communication), regular washing

away of hyaluronan from naked mole rat cells is sufficient

for H2O2 to turn into an inducer of their apoptosis. The

antiapoptotic effect of hyaluronan can be explained by

both its direct antioxidant (characteristic of carbohydrates)

and the violation of the apoptotic cascade caused by ROS

(reactive oxygen species) signal sent inside the cell by the

receptor that binds hyaluronan (keep in mind the antiin-

flammatory effect of large hyaluronans)1. The second

explanation provides the key to understanding another par-

adox of the naked mole rat: the levels of mitochondrial

reactive oxygen species (mROS) and peroxidation prod-

ucts are higher in these animals than in mice; as a result,

they do not follow the rule “formation of large amounts of

mROS means short life” [14]. We can assume that the

apoptotic cascade in the naked mole a rat is switched off

somewhere after ROS and the products of cellular compo-

nents oxidation by ROS. Inhibition of apoptosis by

hyaluronan prevents the reduction of cellularity in organs

and tissues, thus inhibiting the aging program (Fig. 1).

1 Our group has shown that hydrogen peroxide formed inside

mitochondria is involved in the transmission of the apoptotic

signal between cells [12, 13]. Excretion of H2O2 into the inter-

cellular space leads to the “multiplication” of the apoptotic

signal generated by the cell that has increased its ROS level. In

this way, the signal is transmitted from cell to cell, causing

their mass death. We assume that this effect can be prevented

by large amounts of antioxidant (hyaluronan) in the intercel-

lular space.

Fig. 1. Proposed mechanism of retardation of aging in naked mole rats: the role of high molecular weight hyaluronan (HA) and mROS. Thick

arrows indicate the processes stimulated in naked mole rats, and dotted lines correspond to the inhibited processes.
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At the end of October 2013, Gorbunova and

Seluanov published another article [15], this time about

the discovery of unusual properties of the structure and

form of the naked mole rat ribosome. They found that the

RNA molecule of the large (28S) subunit of these ribo-

somes is cleaved into two parts; a unique ribonucleotide

sequence consisting of 118 nucleotides is linked to one of

those parts in the cleavage site. The modified ribosome of

the naked mole rat forms a protein with the same rate as

a regular ribosome, but it makes far fewer errors when

reading the informational RNA. Similar (but not identi-

cal) ribosomal structure was previously found in the

South African rat-like rodent tuco-tuco (Ctenomys). The

accuracy of the functioning of the ribosome in this animal

was shown to be intermediate between that of the naked

mole rat and the mouse (V. Gorbunova, personal com-

munication). Tuco-tuco, similar to the naked mole rats,

lives in large colonies (up to 200 animals), but each pair

occupies a separate hole where they breed. As a result,

their reproductive abilities are not monopolized by the

queen as in the case of the naked mole rat. The lifespan of

tuco-tuco is only about 3 years, which is more than 10

times shorter than that of the naked mole rat. (You can

read about another distinctive property of the naked mole

rat, the absence of one of the pain receptors, in an article

by M. V. Skulachev, F. F. Severin, and V. P. Skulachev in

this issue.)

OTHER LONGEVITY MECHANISMS

If aging is programmed, there should be different

ways to cancel it because this program can be inhibited at

different stages. It makes sense to compare the naked

mole rats with bats and American white-footed mice,

which also have very long lifespan.

Among the 10,000 species of bats, there are species

that live up to 45 years with the aging program apparent-

ly completely switched off. In the case of the white-foot-

ed mouse (that lives for about 8 years), this program is

probably only inhibited. In both bats [16, 17] and the

white-footed mouse [18-21], mitochondria form ROS

much more slowly than in other small mammals with

shorter lifespans. Quantitatively, the lifespan of the white-

footed mice is inversely related to the rate of mROS gen-

eration on reverse electron transfer in the respiratory

chain. This dependence was first shown by Lambert et al.

for 11 species of mammals and birds. The naked mole rat

proved to be the only exception [14]. This paradox can be

explained if we assume that the aging program in the

naked mole rat is inhibited after the stage of mROS accu-

mulation, namely, at the level of neutralization of extra-

cellular H2O2 by hyaluronan and inhibition of ROS-

dependent apoptosis. As for the bats and white-footed

mice, this inhibition apparently takes place before mROS

accumulation. In accordance with this hypothesis, it was

shown that the antioxidant enzymes glutathione peroxi-

dase, superoxide dismutase, and catalase are more active

in the white-footed mice than in house mice [18, 20, 22].

In 1990, C. E. Finch suggested the existence of

species with negligible aging [23, 24]. As a rule, these

organisms have very long lifespan and are not subject to

cancer, cardiovascular diseases, diabetes, and other senile

ailments. They die of some causes independent of age.

For example, the naked mole rats die because of fights

with each other (these animals cannot be kept in isolation

in an ordinary cage; when in captivity, they should live at

least in small groups). This does not mean that senile

pathologies are completely absent in naked mole rats.

Some are occasionally observed, but they almost never

lead to death [25]. It seems that these rodents, unlike the

majority of other animals, when in a critical situation, do

not undergo acute phenoptosis to rid the population of

weakened individuals. The absence of both slow (aging)

and at least one type of acute phenoptosis emphasizes the

key feature of the naked mole rat – it has occupied an

ecological niche where the species has no enemies (and

therefore no pressure of natural selection). Only the

queen and her few “husbands” breed, being protected

and serviced by an army of their non-breeding offspring

that cannot pass down to subsequent generations any

acquired trait even if it would be useful.

The absence of enemies is also typical for many other

non-aging animals protected from enemies by their

impressive size or fighting qualities (large crabs and tur-

tles, pikes, crocodiles, eagles, albatrosses2), inedibility (sea

urchins, toads), special mechanisms of early danger warn-

ing (bats with their echolocation) or, finally, the high level

of social organization (naked mole rats). These species

already do not have any advantage from the enhancement

of their further evolution and as a result they have lost

phenoptotic programs providing such enhancement but

counterproductive for individuals. It seems very important

that in all the non-aging organisms examined for malig-

nant diseases, cases of cancer were either detected very

rarely, or were not detected at all (as, for example, in the

naked mole rats) [25, 27]. This fact may indicate that can-

cer, as well as other senile diseases, is nothing but another

phenoptotic program enhancing evolution (see below).

2 According to Lecomte et al. [26], aged albatrosses (lifespan

over 50 years) nesting on the islands in the Indian Ocean can

fly in search of prey into Antarctic waters, while young and

middle-aged individuals never reach the Antarctic Circle

(observations conducted by satellite and with radio sensors

fixed on the birds). The authors were searching for any signs

of aging in albatrosses, which have never been found in these

animals growing through their entire life and suddenly dying

for unknown reasons. Lecomte et al. came to conclusion that

the age-related increase in flight distance is a sign of aging in

albatrosses, which is of course contrary to the very definition

of aging as the weakening of vital functions with age, and not

their enhancement [8].
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HOW TO RECONCILE SUPPORTERS

OF CONCEPTS OF PROGRAMMED AGING

AND AGING AS ACCUMULATION

OF RANDOM ERRORS?

The great physicist Leo Szilard believed the reduc-

tion of tissue and organ cellularity to be the main cause of

aging [28]. According to Szilard, the problem of aging is

not so much connected to the fact that each of our cells

works worse, but that the number of these cells dramati-

cally decreases with time. Senile sarcopenia, i.e. the

reduction of the number of cells (myofibrils) in skeletal

muscles, is a typical example of this phenomenon. The

implementation of the aging program of skeletal muscles

results in the organism demanding the performance of the

same muscle functions despite decreasing myofibril num-

ber. Apparently, aging of the majority of our other tissues

looks similar to this process (see the article by G.

Libertini in this issue of Biochemistry (Moscow)). It is

reminiscent of the policy of a cunning manufacturer who

forces the factory to produce the same amount of goods

while reducing the number of workers. To meet the chal-

lenge, the workers have only one possibility: to come up

with something new and increase productivity. How is it

possible to achieve this result with respect to the living

cell?

Everything we have learned over the years about cells

and their functioning undoubtedly convinces us of the

extreme “bureaucratization” of its management. Long

hierarchical chains of regulators have been found in cells.

If an enzyme (e.g. muscle ATPase actomyosin) performs

some useful work, a whole chain of other enzymes will

monitor this process. This chain consists of the regulator

N1 directly interacting with actomyosin; regulator 2,

controlling the work of regulator N1; regulator 3 regulat-

ing regulator N2, and, finally, regulator 4, which controls

the regulator 3 and at the same time is regulated by a hor-

mone, the command device of the supracellular level.

The amount of hormone in blood is, in turn, regulated by

the chain of other regulators. This cumbersome system,

when acting cohesively, increases the reliability of cell

functioning, in particular by reducing the probability of

accumulation of errors in DNA and protein structures. If

such errors do occur, in DNA they are usually corrected

by special systems of monitoring and reparation. As for

damaged proteins, they are recognized and labeled by

special enzymes monitoring the quality of these poly-

mers. Special polypeptides, ubiquitins, are attached to

such damaged proteins. Ubiquitinated proteins are recog-

nized by the “molecular mincer”, the proteasome, a

minute tube-like intracellular organelle that binds the

proteins to be eliminated and splits them into constituent

amino acids [29].

High reliability of the system of DNA and protein

quality control is provided by the well-known redundan-

cy of their work: ubiquitination removes not only proteins

that have lost their function because of some damage, but

also proteins with changes in structure that have not yet

affected their functioning. Moreover, in the case of simul-

taneous appearance of many proteins with modified

structure, the cell commits suicide, undergoing apoptosis

or necrosis together with all its proteins, even if most of

them have not changed, i.e. remained native.

Age-related weakening of the quality control could

save many cells that otherwise would have been destroyed

and thus would have exacerbated the reduction of cellu-

larity. Accumulation of cells with random errors in DNA and

proteins in the tissues of aging organisms would be a side

effect of such a strategy. Gradual weakening of quality

control, resulting in the accumulation of errors, is indeed

observed in the course of aging; it serves as the main argu-

ment for the supporters of aging as the result of random

damage. T. Nistrom et al. [30] recently showed that

Drosophila aging is accompanied by the reduction of pro-

teasome activity, the key mechanism of protein quality

control, and increase in the amount of damaged (car-

bonylated or oxynonenal-bound) proteins. A similar

effect was also described in higher animals (mammals)

[31, 32], in humans in vivo [33, 34], and in human cell

culture [35]. The concentration of ubiquitin [36] in the

enzymes involved in ubiquitin binding to the “victim”

protein [37, 38] was shown to decrease with age in certain

animal tissues. In addition, inactive mutant forms of

ubiquitin preventing “normal” ones from performing

their function as protein quality controllers were shown to

appear in old animals [39]. However, we should not forget

that reduction of cellularity is likely to have been origi-

nally programmed in the genome as the final stage of

ontogenesis. Thus, we come to the situation when aging,

having begun as the result of the relevant program, is grad-

ually turning into the process of accumulation of random

(stochastic) damage to biopolymers, which remain unno-

ticed by the weakened systems of quality control of these

polymers [8].

AGING AS A RESULT OF PROGRAMMED

OXIDATIVE STRESS

There is much evidence that ROS play the role of the

“samurai sword” in the suicide of biological systems of

varying complexity. This type of phenomena can be found

already in bacteria, where the “toxin–antitoxin” mecha-

nisms in some cases indirectly cause cell death resulting

from the sharp rise in ROS level caused by a free toxin

[40]. In yeast, the disastrous effect of the pheromone

excess ultimately leads to the outbreak of ROS generation

in mitochondria [41]. In multicellular organisms, self-

destruction of mitochondria can be induced by ROS-

mediated opening of pores in the inner mitochondrial

membrane [42, 43]. Apoptosis and necrosis of cells of

multicellular organisms is accompanied by increase in
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ROS level and opening of the same mitochondrial pores

[42, 43]. Organoptosis (disappearance of an organ in the

course of ontogenesis) of the tadpole tail is caused by

massive hydrogen peroxide production in the cells of this

organ [44]. Age-related increase in ROS level has been

described in yeast [45], mycelial fungi [46], plants [47],

insects [48], and mammals [49-52]. The lethal effect of

abscisic acid generated by seeds of annual plants might

also be mediated by reactive oxygen species [53].

In their recent review [51], T. B. Kirkwood and A.

Kowald summarize the arguments in favor of a concept

according to which aging is causally connected the toxic

effect of ROS: 1) ROS are continually formed during res-

piration in all aerobic cells; 2) ROS can cause oxidative

damage to practically all organic compounds; 3) such

damage can be observed in organisms and it increases

with age; 4) mutations that reduce ROS-caused damages

increase the lifespan of the organism; 5) increased life-

span in animals with improved protection against ROS

has been shown; this improvement could result from

some natural causes or from the introduction of addition-

al genes encoding antioxidant enzymes. In contrast,

prooxidants typically reduce lifespan (see below for data

on increase in lifespan by small amounts of the prooxi-

dant paraquat).

However, we have recently witnessed an increase in

attacks on Harman’s hypothesis on the role of mROS in

aging because of the apparent inconsistencies between the

accumulating observations and the predictions of its sim-

plest version according to the “pessimists” who believe the

age-related increase in ROS danger to be accidental [54].

For example, the naked mole rat forms more ROS than a

mouse, and its antioxidant protection is weaker than that

of a mouse; therefore, the level of DNA and protein oxi-

dation in higher in these animals. It would seem that the

naked mole rats should have shorter lifespan than mice.

However, in reality, as we have already noted, they live in

the laboratory more than 10 times longer than mice. This

could be caused by the fact that the disabling of the aging

program in the naked mole rat takes place at some stage

after ROS formation (for example, at the level of ROS

neutralization by hyaluronan, see above).

The question arises, why did evolution choose ROS

as the tool of aging? There is no doubt that ROS, having

appeared because of a sharp increase in O2 in the atmos-

phere around 2.5 billion years ago, are still a problem for

modern aerobic life forms. Perhaps that is why aging as a

specialized mechanism of evolution is organized so as to

foster the improvement of the organism’s antioxidant sys-

tem. In a sense, ROS act like the fox in the example

described above for the improvement of the hare’s breed,

but the selection favors not the ability to escape the pred-

ator, but the best system of anti-oxygen protection. This

circumstance is the direct result of the involvement of

ROS in the implementation of the programs of self-

destruction of mitochondria, cells, organs, and organisms.

Here it is appropriate to recall also other important

functions of ROS, without which the life of modern organ-

isms is no longer possible. The example of tadpoles is quite

demonstrative. Their transformation into frogs is accom-

panied by massive ROS formation causing apoptosis of tail

cells, which leads to the disappearance of this organ [44].

However, if a piece of a tail is torn from a young tadpole, its

regeneration will require proliferation of cells of the

remaining tail part, and this phenomenon will be activated

by ROS [55]. Thus, along with the grim function of ROS as

the means of suicide of individual cells or the organism,

these same compounds can be vital for the same organism

under different conditions [8] (for details, see below).

Aging-causing ROS are formed in mitochondria.

There are several places of where ROS are formed in cells.

Primarily, ROS are generated in mitochondria, the

organelles responsible for the absorption of almost all the

oxygen entering the organism via its lungs. Each cell has

many separate mitochondria. Due to the folding of the

inner mitochondrial membrane, its total area is measured

in thousands of square meters in the adult human. Over

50% of this membrane is formed by the enzymes catalyz-

ing cellular respiration and ATP synthesis coupled to this

process. It is the respiration enzymes that serve as one of

the main catalysts of transformation of O2 into superoxide

anion-radical, which in turn forms other ROS. Basically,

the main function of the mitochondrial respiratory

enzymes is to turn O2 into harmless water. But even if only

a small part of the oxygen absorbed by mitochondria turns

into superoxide, the amount of this potentially poisonous

compound will be enough to cause serious problems in

our bodies [8].

Thus, mitochondria are potentially the main (or one

of the main) ROS generators in mammalian cells. This

condition is necessary (but not sufficient) to conclude

that it is mitochondrial ROS that cause the slow, growing

over years, poisoning of the organism, which we call

aging. A number of facts support this view.

1. The lifespans of different species are inversely pro-

portional to ROS production in mitochondria. Bird mito-

chondria form ROS more slowly than the mitochondria

of mammals of the same size whose lifespan is much

shorter [14]. Similar relationships are also observed

between bats (weight 8 g, live up to 45 years) and shrews

(weight 25 g, live 1-2 years) [16, 17]. R. S. Sohal [56], G.

Barja [57, 58], and M. Brand [14] have independently

shown that the higher is the rate of ROS generation dur-

ing reverse electron transfer in complex I of the heart

mitochondrial respiratory chain, the shorter is the life-

span of the warm-blooded animal. This correlation was

not observed when ROS generation was measured for

direct electron transfer at the same chain site [14]. The

study by the group from Cambridge (UK) was especially

thorough: it examined 12 different species of mammals

(from mouse and rat to baboon and cow) and birds (quail

and pigeon) [14]. The data obtained for 11 species corre-
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sponded to a straight line describing the lifespan as the

inverse function of the rate of mitochondrial ROS gener-

ation. Only one species was an exception from the rule. It

was the naked mole rat. However, this is the case when an

exception confirms the rule. The fact is that the naked

mole rat was the only non-aging being among the studied

species. As already mentioned, the aging program in the

naked mole rat is apparently blocked at some stage after

ROS generation, which explains its discrepancy with the

described correlation: ROS are formed, but are neutral-

ized by hyaluronan and cannot transmit the deadly signal

further along the chain of events leading to aging.

The outlined facts and considerations suggest that

ROS concentration in mitochondria should increase with

age in aging organisms. Most recently, this has been

directly confirmed (first in drosophila [48], and then in

mice with accelerated aging [49]) by Murphy et al. who

have developed an elegant method for measuring mito-

chondrial ROS in vivo using penetrating cations.

Significantly, some data have indicated increase in ROS

generation on reversal of electron transfer in muscle

mitochondria in humans. H2O2 generation by skeletal

muscle mitochondria of young people (average age 23.5

years) was shown to be almost three times lower than in

older individuals (67.3 years), this effect being blocked by

rotenone, an inhibitor of complex I [59].

It is not only the respiratory chain that is responsible

for the increased ROS production in mitochondria of

aging organisms. For example, the amount of

monoamine oxidase A localized in the outer membrane

of rat heart mitochondria increases 7.5-fold during its 24

months of life. Monoamine oxidase A catalyzes oxidation

of catecholamines, serotonin, and some other amines by

oxygen, forming H2O2. This process is of course limited

by low concentration of these oxidation substrates, but

the scope of the aging effect is so large that it is hardly jus-

tified to neglect it completely.

2. Antioxidant protection of mitochondria decreases

significantly with age. The decline of the level of the

SIRT3 enzyme plays the key role in this effect. SIRT3 is

a deacetylase that stimulates the critical mitochondrial

antioxidant systems – glutathione reductase and superox-

ide dismutase 2 [60-63].

3. Reduction of mitochondrial ROS level slows aging.

This effect was achieved in three different ways. a)

Catalase, the key antioxidant enzyme removing H2O2, was

artificially redirected to the mitochondrial matrix (it is nor-

mally absent from this compartment). The DNA segment

of the catalase gene encoding the 11 amino acid residues at

the N-terminus of the protein was removed. This part of

the protein forms the address directing it to peroxisomes.

Instead of peroxisome address, the gene was compliment-

ed with the DNA segment encoding the 25-amino-acid-

long polypeptide that forms the mitochondrial address in

the ornithine transcarbamylase enzyme. The modified

gene was introduced into a mouse embryo. Mice with this

mutation were shown to live longer (data obtained in the

group of P. Rabinovitch [64]). Studies conducted in the

same laboratory have shown that aging of skeletal muscles

slows dramatically in the presence of catalase in mitochon-

dria [65]. A number of effects that normally increase with

age were no longer present: increased H2O2 production by

muscle mitochondria, increased number of mutations in

mitochondrial DNA, increase in protein carbonylation

(especially that of mitochondrial proteins), and decrease in

maximal rate of mitochondrial respiration and coupled

ATP synthesis. Age-related reduction of the number of

skeletal muscle mitochondria was inhibited [65]. In addi-

tion, the adverse aging effect on the myocardium was

weakened, the effects of systemic inflammation were

decreased, and the frequency of development of tumors of

non-hematopoietic origin was reduced; at the same time,

catalase had no effect on the development of tumors of the

hematopoietic system and glomerulonephropathies [66,

67]. Studies conducted on mice with a mutation in the

proofreading domain of mitochondrial DNA-polymerase

(“mutator mice”) showed that targeted catalase delivery to

heart mitochondria reduces the number of mitochondrial

DNA deletions, protein carbonylation, and the amount of

the active form of caspase 3, the key enzyme of apoptosis

[68]. These beneficial effects were much less pronounced

or even absent when catalase had either nuclear or peroxi-

somal address [64]. b) The gene of protein p66shc was

knocked out. The protein forms complexes with mito-

chondrial cytochrome c and apparently allows this

cytochrome to transfer an electron directly to O2, forming

О 2
�. The lifespan of the mice increased by 30% (data

obtained in the group of P. G. Pelicci [69-72]).

Interestingly, inactivation of p66shc gene reduced oxidative

damage of both mitochondrial and nuclear DNA in vivo in

lungs, liver, spleen, skin, skeletal muscles, and kidneys, but

it had no effect on this parameter in brain and heart [70].

Such tissue specificity fully corresponds to p66shc content,

which is minimal in brain and heart. One can assume that

these two organs to a large extent are not affected by the

aging program, at least in the part, which is implemented

rather early and is mediated by p66shc. c) In our laborato-

ry, we have synthesized a mitochondria-targeted low

molecular weight antioxidant (SkQ1). This compound was

shown to prolong the lifespan of fungi, plants, crustaceans,

insects, fish, and mammals; it also inhibited the develop-

ment of a large group of age-related diseases and symptoms

[6, 8, 73-77].

4. Increased level of mitochondrial ROS accelerates

aging. One of the participants of our anti-aging project,

the President of the Royal Swedish Academy of Sciences

B. Cannon, together with her group conducted experi-

ments on the “mutator” mice. As noted above, the life-

span of these mice is much shorter, and when dying they

have all the signs of progeria (premature aging). These

effects were strongly attenuated by the addition of the

mitochondrial antioxidant SkQ1 to their drinking water.
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5. Aging is coupled with the accumulation of errors in

mitochondrial DNA [65] and decrease in the amount of the

mitochondrial phospholipid cardiolipin [78, 79]. In the

above-mentioned progeric mice, especially many muta-

tions are accumulated in the mitochondrial gene of

cytochrome b involved in ROS generation in mitochon-

dria. Normally, mutations in mitochondrial DNA occur

approximately 10 times faster than in nuclear DNA,

despite the presence of a system eliminating damaged

mitochondria (mitoptosis), i.e. the process, which should

facilitate the cleaning of the cellular population of mito-

chondria with damaged DNA [4]. This could be

explained by damage to mitochondrial DNA due to its

oxidation by ROS formed in the inner mitochondrial

membrane to which mDNA is attached.

Cardiolipin is the other “weak point” of mitochon-

dria. This unusual phospholipid containing not two, but

four fatty acid residues, is found only in the inner mito-

chondrial membrane, where it is the most common lipid.

Most fatty acids (and often all of them) in the cardiolipin

molecule are polyunsaturated, i.e. with several double

bonds (in all other phospholipids one of the two fatty

acids is always saturated). Due to this property, cardio-

lipin is extremely sensitive to ROS. The cardiolipin dimer

is bound to cytochrome b of the respiratory chain. Its

eight fatty acids form a sort of well whose walls contain 16

double bonds in case of linoleic acid (the most common

fatty acid in cardiolipin). This structure is the perfect

“fuse” for “ignition” of the inner mitochondrial mem-

brane: ROS, when attacking this structure, will most like-

ly start a chain reaction of phospholipid peroxidation in

the membrane. Cytochrome b, whose active sites are very

close to the cardiolipin dimer, can be the source of these

ROS [80]. It was shown that increase in the electrical

potential difference (∆ψ) on the mitochondrial mem-

brane inhibits electron transfer from cytochrome bL heme

to bH heme, which in turn results in inability to oxidize

the free-radical form of ubiquinone (semiquinone CoQ�)

by cytochrome bL. As a result, CoQ� accumulates and is

then oxidized by molecular oxygen – forming О 2
�. Under

the same conditions, О 2
� is generated also on reverse elec-

tron transfer involving complex I. Having been formed in

one of these two ways, superoxide attacks cardiolipin, and

the reaction product, oxidized cardiolipin, can no longer

keep cytochrome c on the outer surface of the inner mito-

chondrial membrane, and thus cytochrome c is cleaved

from the membrane, entering the mitochondrial inter-

membrane space. Products of cardiolipin oxidation are

also released there. The interaction with these products

results in cytochrome c gaining cardiolipin-peroxidase

activity, which in turn accelerates oxidation of a new por-

tion of cardiolipin and leads to the release of additional

cytochrome c from the membrane [81, 82].

Protein p66shc mentioned above is located in the

intermembrane space. It also forms complexes with solu-

ble cytochrome c. The complex of cytochrome c and

p66shc starts to reduce O2 to О2
�, which in turn increases

superoxide production by mitochondria.

According to data obtained in our group by M. Y.

Vyssokikh, the level of unsaturation of cardiolipin fatty

acid residues is reduced in progeric mice with mutant

mitochondrial DNA-polymerase (probably as a defense

against oxidative stress), and this effect is cancelled by the

mitochondria-targeted antioxidant SkQ1.

According to the outlined logic, maximal mam-

malian lifespan is inversely related to the number of dou-

ble bonds and the ability for peroxidation of phospho-

lipids in liver mitochondria [83, 84].

Comparison of the queen and worker bees provided

another example of the same kind (their lifespans are

measured in years in the first case and dozens of days in the

second [85]). Worker bees were shown to have much more

polyunsaturated fatty acids prone to peroxidation, and

queen bees have saturated fatty acids resistant to this risk

[86]. The content of cytochrome c per cytochrome oxidase

in worker bees is 15 times higher than in the queen bee,

which could contribute to cardiolipin peroxidation and О 2
�

generation by this cytochrome in worker bees [87]. Finally,

the amount of antioxidant protein, the juvenile hormone

vitellogenin, was much higher in queen bees [87].

6. Mitochondrial ROS cause apoptosis, thereby con-

tributing to the reduction of cellularity of organs and tissues.

Extensive experimental material on the involvement of

ROS in programmed cell death has already been accumu-

lated. Mitochondrial ROS are particularly important in

this respect. Mutant cell lines lacking mitochondrial

DNA, and hence the ability for ROS formation in the res-

piratory chain, are extremely resistant to apoptosis. The

mitochondrial antioxidant SkQ1 blocks cell apoptosis in

culture caused by the addition of hydrogen peroxide.

Added peroxide is rapidly decomposed by cellular

enzymes, but after 1-2 h there is a powerful burst of

endogenous ROS generation; it is this effect that is neu-

tralized by SkQ1. Here we deal with a phenomenon dis-

covered in our laboratory by D. B. Zorov, namely ROS

formation caused by other ROS [88]. SkQ1 was also

shown to block cell necrosis in vitro [74]. Furthermore,

SkQ1 was found to prevent age-related activation of

apoptosis of rat fibroblasts [80].

Thus, there are good reasons to believe that it is

mitochondrial ROS that cause the reduction in organ and

tissue cellularity in aging organisms [8].

EXAMPLES OF ARTIFICIAL SHUTDOWN

OF THE AGING PROGRAM

The programmed aging hypothesis leads to one most

important prediction: aging can be canceled by switching

off one of the essential steps of the relevant program.

Today we already have some examples of this phenome-

non.
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Plants and invertebrates. Aging of the annual plant

Arabidopsis thaliana takes only several weeks and is

caused by poisoning of the leaves with compounds

formed in the seeds of this plant. Knockout of the two

genes required for flowering and fruiting completely pre-

vents rapid aging of arabidopsis and turns it into a peren-

nial, which forms rhizomes and reproduces vegetatively

[89, 90].

The lifespan of the short-living nematode C. elegans

and of Drosophila may be increased 5-10-fold by muta-

tions of one or two genes encoding proteins of some of the

metabolic regulatory cascades (for review see [4]). The

female octopus of the species Octopus hummelincki, hav-

ing jealously guarded her eggs from marine predators,

stops eating immediately after the hatching of its young.

Her inevitable death from starvation can be prevented by

removing the so-called optic glands [91].

Vertebrates. Not only invertebrates, but also verte-

brates also provide examples of acute phenoptosis related

to reproduction.

Males of an Australian marsupial mouse commit sui-

cide a couple of weeks after the rut, being affected by their

own pheromone that was previously used to attract

females. This pheromone has receptors in the male

vomeronasal organ. Pheromone binding results in the

development of a signal, which, in case of prolonged

action, somehow blocks the control functions of the hip-

pocampus in relation to the hypothalamus. This results in

severe stress due to increased production of cortico-

steroids, adrenaline, and noradrenaline leading to

impaired salt metabolism and acute renal failure.

Castration of males or keeping them separately from

females increases their lifespan to match that of females

[92].

Males of the small South American marsupial

Gracilinanus microtarsus die right after mating, and the

females die somewhat later, after the end of the lactation

period (A. Vercesi, 2013, personal communication).

Single breeding species among some amphibians and rep-

tiles and many fish have been described [93]. All the

examples listed in this section can be attributed to the

acceleration of evolution by the increase in the diversity

of the offspring. This diversity will increase if an individ-

ual can become a father or mother only once.

Pacific salmon present an example of rapid pro-

grammed aging. Before spawning, this fish turns into

humpback salmon, a ridiculous humpbacked creature

with a mouth not suitable for the intake of food. The

humpback salmon dies soon after spawning. Its death can

be compared to an accelerated movie where the entire

aging program is scrolled during a couple of weeks, start-

ing from decrease in immunity and ending with bone

osteoporosis, skeletal muscles sarcopenia, skin thinning,

and the development of tumors. Zoologists have long

believed that accelerated aging of salmon results from the

hard work performed by this fish swimming against the

current of the river, sometimes for a thousand kilometers.

This hypothesis collapsed when it became clear that this

transformation into a humpback salmon could be

observed even when the spawning site was only few hun-

dred meters away from the ocean [94]. Apparently, it is

the change of seawater for freshwater in the fishes’ habi-

tat that serves as a signal to activate the aging program in

salmons. S. Austad suggested that salmon progeria and

slow aging of higher vertebrates are of completely differ-

ent nature: accelerated aging is a program, and slow aging

results from the accumulation of errors [95]. However,

the above-noted commonality of many signs of the two

aging types contradicts this explanation. For example, T.

Maldonado et al. [96-98], when studying salmon brain,

found the peptides of amyloid plaques, which develop

with age in humans with Alzheimer’s disease.

It has been already mentioned that knockout of the

gene of protein p66shc slows aging and prolongs the life-

span of mice [69]. Further experiments have shown that

the terminal step of the respiratory chain:

(1)

can be shunted by the complex of cytochrome c and

p66shc:

.  (2)

As a result, superoxide anion is generated instead of

harmless water. Knockout of the p66shc gene reduces

ROS generation leading to the inhibition of aging [70-72].

In 2014, Blackburn et al. [99] described the reversal

of age-related involution of the thymus in yearling mice.

They showed that a month-long stimulation of the gene

encoding the transcription factor FOXN1 in thymus

epithelial cells causes several-fold increase in thymus size

and the number of thymocytes, which decrease dramati-

cally in the beginning of the experiment due to aging of

the mice. In general, involution of the thymus is an excel-

lent example of the programmed character of immune

system aging, and the fact of the reversal of this effect by

the stimulation of a single gene directly proves the funda-

mental possibility of artificial reversal of one of the key

signs of mammalian aging.

In 2014, Canaan et al. [100] reported a 20% increase

in the median and maximal lifespan in mice with knock-

out of the gene for protein FAT10. In these mice, the

development of a number of signs of aging was dramati-

cally slowed; these signs included sarcopenia, obesity,

baldness, graying, and perhaps the most important sign,

development of malignant tumors, which were complete-

ly absent in the mutants (see also [101-103]). Noncovalent

binding of FAT10 with protein MAD2 involved in spindle

cytochrome c1 cytochrome c cytochrome oxidase

cytochrome c1 cytochrome c

cytochrome c

cytochrome c
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formation during the cell cycle was previously shown in

the same laboratory. This phenomenon caused inhibition

of the cycle at the stage of anaphase [104]. Study of the

amino acid sequence of FAD10 demonstrated that essen-

tially this protein is a dimer of a somewhat modified ubiq-

uitin, the “black mark” attached to other proteins that

should be disassembled to amino acids in proteasomes

[105]. It was also shown that FAT10 (1) stimulates ubiq-

uitination of the NFκB protein, the central mediator of

innate immunity, and (2) inhibits the expression of the

mitochondrial uncoupling proteins UCP1, UCP2, and

UCP3, which reduce mROS generation by some decrease

in ∆ψ on the mitochondria membrane [100]. In turn,

mROS are known as NFκB activators because they

increase the activity of IκBα protein kinase. This kinase

phosphorylates IκBα, leading to its subsequent degrada-

tion in proteasomes [106].

Aging and cancer as programs of slow and acute

phenoptosis. If aging is slow phenoptosis increasing the

pressure of natural selection, then cancer can be consid-

ered as acute phenoptosis eliminating individuals with

increased mutational load [107-110]. It is also possible

that cancer limits the lifespan of aging organisms, affect-

ing even those individuals whose mutation load is still low.

The latter case would confirm the principle postulated by

A. Weismann [111], according to which the reduction in

individual lifespan can be a biological adaptation acceler-

ating the change of generations, and hence of evolution.

In this context, the fact that mutation in FAT10 pro-

tein not only inhibits the development of age-related

symptoms, but it also prevents the development of tumors

is of particular importance [100, 103]. FAT10 is appar-

ently involved in both lethal programs (those connected

to aging and development of malignant tumors); in this

respect, it differs from the mitochondria-targeted antiox-

idant SkQ1, which inhibits aging and only certain types of

cancer [8]. However, SkQ1 requires no intervention in the

genetic system of the cell, which reduces the risk of dam-

aging something useful for the organism in the course of

our fight against aging.

THE RIDDLE OF PROPERTIES

COUNTERPRODUCTIVE TO THE ORGANISM

Among the objections of “pessimistic” gerontolo-

gists, there is one that still poses some difficulties for the

“optimists” to provide a definitive answer to. This is the

question of the possible mechanism of selection of the

aging program in the course of evolution, which seems

quite difficult to solve, as this program is counterproduc-

tive for the individual.

When it comes to acute phenoptosis, there is no doubt

that there are many counterproductive programs, which,

despite the obvious harm for the organism, have become

part of the genomes in the process of biological evolution.

These programs include not only death right after breed-

ing, but also rapid aging of many annual plants. In the lat-

ter case, genes have been identified that are required for the

killing of plant after ripening of its seeds [89, 90]; one of the

poisons used as the means of such killing, abscisic acid, has

been described [6, 8]. Aging of animals differs from all

these phenomena only by its slower pace.

One of the possible explanations of the selection of

counterproductive programs is that they are carried out by

bifunctional proteins that possess two functions: one

harmful for the organism and another extremely useful,

disappearance of which would be lethal [8]. For example,

cytochrome c is involved in apoptosis induced by ROS,

which we believe to play the key role in animal aging.

Cytochrome c fulfills this counterproductive function

(involvement in the aging process) when it is released

from mitochondria to the cytosol to interact with protein

Apaf-1. It seems that any mutation inactivating the

cytochrome c gene could prevent aging, thereby providing

an advantage for the mutant animal in its struggle for sur-

vival. However, cytochrome c has also another, “positive”

function, electron transfer along the mitochondrial respi-

ratory chain. Disappearance of cytochrome c would cause

collapse of mitochondrial respiration similar to poisoning

of an animal with cyanide. Interestingly, binding of

cytochrome c with Apaf-1 and its respiratory chain part-

ners (cytochrome c1 and cytochrome oxidase) is due to

ionic interaction of the “corolla” of lysine cationic groups

of cytochrome c with anionic groups of dicarboxylic acids

of Apaf-1 [112], cytochrome c1, and cytochrome oxidase

[113]. Perhaps it was cytochrome c that was selected in

the course of evolution to participate in aging, because

this small (only 104 amino acids) single-domain protein

was already involved in the vital function of respiration,

and a mutation of the corresponding gene affecting the

interaction of cytochrome c with Apaf-1 would most like-

ly also lead to the disruption of the respiration.

Nevertheless, in our group we have shown that replace-

ment of one of the lysines of the cationic corolla of

cytochrome c (K72) by tryptophan leads to the produc-

tion of a protein fully active with respect to its respiratory

function, but it forms an inactive complex with Apaf-1.

The K72W mutant was quite viable in vivo (as well as

fibroblasts obtained from it [114, 115]). We are now

studying the aging of the mutant mice.

An alternative function was also discovered for pro-

tein Apaf-1. It was shown to be involved in a cascade of

processes providing the arrest of the cell cycle (i.e. cell

division) in response to DNA damage. Apaf-1 is trans-

ferred from the cytosol to the cell nucleus, where it inter-

acts with checkpoint kinase 1 [116]. Caspases 9 and 3 are

the next enzymes in the same apoptotic cascade, where

cytochrome c and Apaf-1 are involved. Besides apoptosis,

they were found to be essential for the differentiation of

stem cells into muscle cells, monocytes, or erythroid cells

[117, 118]. Abscisic acid, causing death of annual plants,
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is a phytohormone regulating a number of vital processes

in plants, such as embryonic development, reproduction,

cell division and their elongation, protection against

stress, etc. So let us not be too quick in qualifying this

compound as “lethal poison”. By the way, abscisic acid

was found in brain and other mammalian tissues, where

its function remains completely unclear [119, 120].

According to J. Mitteldorf [93], aging genes may be

largely protected against mutations, similar to the genes

encoding the key metabolic enzymes [121-124]. (On

uneven accumulation of mutations in different genes, see

[125].) The presence of parallel pathways of implementa-

tion of programs counterproductive to individual organisms

could be another mechanism contributing to their preserva-

tion. In such a case, mutation in one of the pathways would

not cause complete shutdown of the program [93].

However, recent data on the new function of the

above-mentioned apoptotic cascade proteins Apaf-1, cas-

pase 9, and caspase 3 provide perhaps the most meaningful

answer to the question of how a counterproductive pro-

gram could avoid elimination by natural selection.

Canadian researchers Hekimi et al. [126] recently showed

that inhibition of respiratory chain complexes I or III caus-

es ROS increase in the tissues of the nematode C. elegans.

The addition of small (0.1 mM) concentrations of the

prooxidant paraquat gives the same result. Amazingly, ROS

increase leads to a marked increase in the animals’ lifespan

in all these cases. Even more surprisingly, Apaf-1 and cas-

pase 9 were found to be essential to prolong lifespan.

A similar effect was earlier observed in mice by

Widmann et al. [118]. In this case, the authors used doxo-

rubicin, which causes death of 50% of rodents after about

50 days after the beginning of intoxication. Absolutely all

the mutants without caspase 3 died by this time. Widmann

et al. found the mechanism of the saving effect of caspase

3, which was shown to cleave peptide N from the protein

p120 RasGAP. Peptide N, in turn, activates the antiapop-

totic protein kinase Akt. It is quite remarkable that the

affinity of caspase 3 to RasGAP is so high that even small

amounts of caspase are sufficient for the emergence of

peptide N and activation of Akt. Increased level of caspase

3 leads to cancellation of the order to block apoptosis,

because caspase 3 cleaves N peptide into two peptides, N1

and N2, which no longer have the ability to activate Akt.

Thus, one type of effect (increase in ROS level) first pro-

tects cells against death, and then, with further increase in

ROS concentration, provokes death (Fig. 2). It is signifi-

cant that mechanisms of cell death are different in wild-

Fig. 2. Appearance of small amounts of mROS can inhibit apoptosis, while further increase in mROS leads to its stimulation.
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type mice and caspase 3 mutants. Wild-type cells die of

apoptosis, and mutants of necrosis.

Nystrom et al. [127] found that a metacaspase Mca1-

mutant of yeast (Mca1 is a yeast analog of animal caspase)

live for a shorter time than the control. Increased metacas-

pase expression prolonged yeast lifespan, preventing the

accumulation of denatured protein aggregates in their cells.

The “disaggregase” Hsp104 and proteasomes are involved

in this effect. Expression of a cysteine mutant instead of the

native caspase caused only partial removal of the effect of

lifespan prolongation (cysteine is required for the protease

activity of caspase). Thus, metacaspase-mediated lifespan

prolongation only partly depended on the caspase function.

So, the obvious harmfulness of the aging program for

an individual does not mean that is cannot be selected by

evolution. An undeniable fact is that counterproductive

programs do exist, and therefore aging may well be one of

them [8, 128].

AGING AS A COUNTERPRODUCTIVE PROGRAM

THAT CAN BE SACRIFICED IN CASE

OF DETERIORATING LIVING CONDITIONS

In the previous section we discussed the paradoxical

result obtained in the group of S. Hekimi [126], namely,

the increase in lifespan of C. elegans caused by small

amounts of the prooxidant paraquat.

How do we reconcile this result with our concept on

the central mediator role of mROS in the aging program?

On one hand, we cannot exclude that C. elegans is an

exception to the general rule. This is one of the shortest-

living (median lifespan less than 20 days) and smallest

(about 1000 cells) organisms among multicellular species.

Removal of damaged or “homeless” cells is one of the

functions of apoptosis responsible for age-related reduc-

tion in organ cellularity. This process is triggered by mito-

chondrial ROS. According to Hekimi, C. elegans has too

few cells, and their lifespan is too short for the justifica-

tion of the population cleaning from useless or damaged

cells in a particular organ [126].

On the other hand, lifespan extension by small ROS

doses may also be a general case, since the scheme present-

ed on Fig. 2 can be applied to any organism that has a so-

called inner apoptotic cascade triggered by mitochondria.

In our experiments with mitochondria-targeted antioxi-

dant, we have never observed a decrease in lifespan caused

by small SkQ1 concentrations. In experiments with mam-

mals, fish, insects, crustaceans, plants, and fungi, certain

SkQ1 concentrations increased the median lifespan, and

decrease in these concentrations gradually reduced the

geroprotective effect but never led to its reversal [73]. It is

noteworthy that only in one case, namely in C. elegans,

SkQ1 had no effect on lifespan (A. P. Grigorenko and E. I.

Rogaev, unpublished), which could be due to the absence of

mROS-dependent apoptosis in this short-lived organism.

J. Mitteldorf [93] suggested that any effect that seri-

ously complicates the existence of an organism has a

chance to prolong its lifespan, within certain limits, due

to inhibition of aging. In such a way, an individual tries to

compensate the increased energy costs under deteriorat-

ing conditions. This explains the effect of small doses of

radiation [93]. Here we should also mention the known

effect called “hormesis”, when small amounts of some

poison (e.g. chloroform [129, 130]) have a positive impact

on lifespan.

At first glance, the cases when a slight increase in ROS

level prolongs lifespan seem paradoxical. If we deal with

mitochondrial ROS, this phenomenon may relate to mito-

hormesis (a term introduced by M. Ristow et al. [131,

132]). According to these authors, the decrease in outer

glucose concentration leads to prolongation of C. elegans

lifespan, mediated by ROS increase and the induction of

the antioxidant enzyme catalase caused by these ROS [131]

(see also Fig. 2). As shown by De Haes et al. [133], the

antidiabetic medication metformin has a similar effect.

Metformin stimulates respiration of C. elegans, uncoupling

it from ATP synthesis. It causes the following chain of

events: superoxide production by mitochondria increases;

mitochondrial superoxide dismutase turns superoxide into

H2O2; hydrogen peroxide, first, increases the level of per-

oxiredoxin-2, removing H2O2, and second, oxidizes perox-

iredoxin-2 forming the dimeric form of this protein. The

peroxiredoxin-2 dimer stimulates phosphorylation of pro-

tein p38, an activator of transcription factor SKN-1. All

these events were found to be necessary for the extension of

C. elegans lifespan by metformin [133]. It was also shown

that some extension of lifespan could be caused by mild

infections [93] or moderate cooling [134] (for details, see

M. V. Skulachev et al. in this issue of the journal).

Adverse environmental conditions causing inhibition

of the aging program include food restriction and heavy

muscular work. The first of these factors serves as a signal

of the coming starvation, and the second one imitates the

conditions of sudden flight from fire, flood, attack of

predators, and similar disasters. No wonder that both

food restriction and muscle load prolong the lifespan of a

wide variety of organisms and inhibits the development of

the same age-related symptoms as the mitochondrial

antioxidant SkQ1 (for details see [8]). Weakening of aging

organisms seems to be an optional program that can be

sacrificed when deterioration of environmental condi-

tions questions the very existence of an individual.
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